Understanding ice sheet behaviour in the geological past is essential for evaluating the role of the cryosphere in the climate system and for projecting rates and magnitudes of sea level rise in future warming scenarios [1] [2] [3] [4] . Although both geological data 5-7 and ice sheet models 3, 8 indicate that marine-based sectors of the East Antarctic Ice Sheet were unstable during Pliocene warm intervals, the ice sheet dynamics during late Pleistocene interglacial intervals are highly uncertain 3,9,10 . Here we provide evidence from marine sedimentological and geochemical records for ice margin retreat or thinning in the vicinity of the Wilkes Subglacial Basin of East Antarctica during warm late Pleistocene interglacial intervals. The most extreme changes in sediment provenance, recording changes in the locus of glacial erosion, occurred during marine isotope stages 5, 9, and 11, when Antarctic air temperatures 11 were at least two degrees Celsius warmer than pre-industrial temperatures for 2,500 years or more. Hence, our study indicates a close link between extended Antarctic warmth and ice loss from the Wilkes Subglacial Basin, providing ice-proximal data to support a contribution to sea level from a reduced East Antarctic Ice Sheet during warm interglacial intervals. While the behaviour of other regions of the East Antarctic Ice Sheet remains to be assessed, it appears that modest future warming may be sufficient to cause ice loss from the Wilkes Subglacial Basin.
, modelling studies differ in their predictions for both past and future stability of ice sheets [2] [3] [4] [8] [9] [10] 14 ( Fig. 1) . It is therefore crucial to use geological evidence from proximal to ice sheet margins [5] [6] [7] 15, 16 to constrain ice sheet responses to climate forcing. The late Pleistocene interval represents a critical target for exploring ice sheet behaviour because of similar ice sheet boundary conditions to the present day 8 and well-constrained evidence on global mean sea levels 17 and regional climatic forcing 11, 18, 19 . Global mean sea levels were 6-9 m higher than at present during interglacial marine isotope stage (MIS) 5e, and 6-13 m higher than at present during interglacial MIS 11, probably requiring a substantial reduction in Antarctic ice 17 . Sedimentological evidence suggests that the Pleistocene ice sheets draining into the Ross Sea Embayment fluctuated on glacial-interglacial timescales 15 , and it has been proposed that the WAIS collapsed during at least one Pleistocene interglacial 16 . Although proximal marine sedimentary records indicate that both the WAIS and the EAIS had , equivalent to approximately 2 °C ocean and atmospheric warming; and modelled retreat of Golledge et al. 9 for both 2 °C ocean and atmospheric warming (ochre dotted line) and 4 °C ocean and atmospheric warming (white dotted line). C, N, and M indicate positions of Cook, Ninnis, and Mertz ice shelves, respectively. Letter reSeArCH dynamic margins during warm Pliocene intervals [5] [6] [7] 15 , there are currently no data that directly constrain EAIS behaviour during the late Pleistocene.
Here we provide new observations that constrain the behaviour of a marine-based sector of the EAIS during the late Pleistocene, based on sedimentological and geochemical records in marine sediment core U1361A (64.41°S, 143.89°E, 3,454 m water depth), recovered from the continental rise offshore of the Wilkes Subglacial Basin (Fig. 1) during the Integrated Ocean Drilling Program (IODP) Expedition 318 20 .
Because it has a landward-sloping bed and 3-4 m sea level equivalent contained in marine-based ice 2, 12 , the Wilkes Subglacial Basin represents both a sensitive test for EAIS vulnerability 9 and a substantial potential contributor to global sea level. Glacial-interglacial cycles are well resolved in the upper 7.5 m of U1361A, with glacial intervals indicated by diatom-poor silty clays with occasional laminations and low barium/aluminium (Ba/Al) ratios, and interglacial intervals marked by bioturbated diatom-rich clays with high Ba/Al ratios, high sediment reflectance and occasional dropstones 20 ( Fig. 2a-e) . These lithological cycles record changes in local productivity that are likely to have resulted from reduced presence of perennial sea ice during interglacials 20 . Assignment of the diatom-rich intervals to the past five interglacials (pink bars in Fig. 2) is well supported by all available chronostratigraphic data (see Methods; Extended Data Fig. 3 ; Supplementary Table 8) .
As sediment supply to the continental rise at Site U1361 is dominated by downslope transport from the proximal shelf 20 (see Methods), sediment provenance in this location is sensitive to processes at the regional ice sheet margin. To constrain provenance changes through time, we analysed neodymium (Nd) isotopic compositions on the bulk sediment fraction (see Methods) at approximately 10-cm intervals (6,000 year resolution). These data are expressed as ε Nd , the deviation of 143 Nd/
144
Nd ratios from the Chondritic Uniform Reservoir value in parts per 10,000. Because Nd isotopes vary as a function of the age and lithology of the eroded source rocks, they are an appropriate tracer for changes in the distribution of glacial erosion in the vicinity of the Wilkes Subglacial Basin 5 . Sediment grain size (per cent 250 μm-2 mm) was also measured to provide complementary evidence on the supply of iceberg-rafted debris (IBRD) from calving ice margins (see Methods).
Our detrital Nd isotope record reveals variability between ε Nd = −15.5 to −12 during glacials and ε Nd = −12 to −8.5 during interglacials (Fig. 2f ), corresponding closely with sea-ice retreat and productivity changes inferred from Ba/Al ratios ( Fig. 2e ; see Methods). Provenance shifts towards more radiogenic Nd isotopic compositions at the onset of interglacials MIS 5 and MIS 9 coincide closely with peaks in the supply of IBRD, whilst IBRD peaks slightly precede the provenance changes for MIS 7 and MIS 11 (Fig. 2f, g ). Whereas IBRD peaks are transient events that record dynamic ice discharge, typically during deglaciation 6 (see Methods), the provenance changes are sustained for longer and suggest a prolonged switch in the locus of regional glacial erosion. Additional minor IBRD peaks occur near the ends of diatom-rich intervals, which might record an advancing ice margin at the onset of glaciation.
The sediment provenance changes at U1361A during the late Pleistocene are strikingly similar in pattern and magnitude to changes Pink columns highlight interglacial periods, based on the dominance of diatom-rich clay. MIS numbers are labelled at the top, together with chronostratigraphic constraints (LCO, last common occurrence; LO, last occurrence; see Methods). Data in a-c from ref. 20 ; all other data from this study (Supplementary Tables 1, 4 , 5, 7, 8) . mbsf, metres below sea floor. , which ranged from ε Nd = −15 to −6. Hence, we infer that similar lithologies were eroded during both periods, and this is further supported by detrital strontium (Sr) isotope data (Extended Data Fig. 2 ). In detail, unradiogenic Nd isotopic compositions during late Pleistocene glacials (ε Nd = −15.5 to −12) record a dominant Lower Palaeozoic provenance (ε Nd = −20 to −10), which is explained by bedrock erosion of Lower Palaeozoic granitoids near the modern ice margin, particularly around the Ninnis Glacier 5 (Extended Data Fig. 1 ). By contrast, the more radiogenic compositions during interglacials (up to ε Nd values of −8.5) require additional contributions from a more radiogenic source that is inferred to be the Permian-Cretaceous rocks of the Ferrar Large Igneous Province (FLIP) 5 (ε Nd = −7 to −3.5). Such FLIP basalts and dolerites, and associated Beacon Supergroup sediments, are not exposed in substantial areas at the present ice margin, with only a small coastal outcrop at Horn Bluff (Extended Data Fig. 1 ), but are inferred to be extensively present within the ice-covered Wilkes Subglacial Basin 5, 21 . The admixture of a FLIP component within the interglacial sediments at U1361A is independently supported by acid-reductive leaching experiments, which extract a reactive component with a Nd isotopic composition consistent with the FLIP (Extended Data Fig. 1 ; see Methods).
An enhanced contribution of FLIP lithologies to Site U1361 during warmer than present interglacials (Fig. 2f ) must indicate a shift in the erosional regime of the ice sheet and/or a change in sediment transport to the site. Although the flow speed of the wind-driven westward-flowing Antarctic Coastal Current 22 could have changed through time, we argue against sediment transport changes as the dominant control on our provenance record. First, warming is proposed to weaken the polar easterlies and reduce the strength of the Antarctic Coastal Current 22, 23 , whereas an enhanced supply of FLIP-derived sediments from upstream coastal sources (for example, Horn Bluff) during warm interglacials would instead require a strengthened current. Second, we observe similar Nd isotope values and temporal variability in the bulk and fine (less than 63 μm) sediment fractions for ten co-analysed samples in U1361A (Extended Data Fig. 1 ; see Methods), which rules out mineralogical or grain size sorting as a major control on the record. Third, a record of sortable silt mean grain size in U1361A (Supplementary Table 4 ) provides no evidence for substantial deep flow speed changes, and shows no co-variation with detrital Nd isotopes, which is consistent with a turbidite-dominated transport environment but inconsistent with deep current transport driving the radiogenic Nd isotope signal (see Methods).
Because ice sheets predominantly erode bedrock near their margins 24 , we consider past interglacial retreat of the ice margin into the Wilkes Subglacial Basin 2,3,9 ( Fig. 1b) , coupled to enhanced erosion of FLIP bedrock and/or FLIP-derived sediment infill of the Central Basin 21 , to be the most likely explanation for the provenance changes at Site U1361. In addition, enhanced erosion of FLIP and associated Beacon lithologies close to the mouth of the Wilkes Subglacial Basin could have contributed to the provenance shift. Without necessitating full-scale retreat, this latter scenario would require a substantial change in the erosion distribution, implicating flow acceleration linked to ice sheet thinning 24 . Although we cannot quantitatively determine the relative importance of margin retreat versus thinning, we emphasize that either scenario would imply a close link between detrital provenance and ice volume reduction in the Wilkes Subglacial Basin, and hence a late Pleistocene sea level contribution from the EAIS.
The key finding from our new data set is that the Wilkes Subglacial Basin has been susceptible to ice loss not only during warm Pliocene intervals 5 with CO 2 levels of approximately 400 p.p.m., but also during the late Pleistocene despite CO 2 levels 25 remaining below 300 p.p.m. Hence, we provide data-based evidence in support of recent ice sheet models that simulate margin retreat and ice loss during late Pleistocene interglacials 2,3,9 ( Fig. 1b) . Although global climate forcing during recent interglacials was generally similar to the Holocene, evidence from both Antarctica 11 and the Southern Ocean 18, 19 reveals that a number of these interglacials were at times characterized by warmer temperatures than the Holocene (Fig. 3a-c) , consistent with a link between regional warming and ice sheet retreat 2, 3 . Possible causes of transient warmth include a bipolar seesaw tied to variability of the Atlantic meridional overturning circulation 11 , wind shifts that enhanced Circumpolar Deep Water upwelling onto the shelves 26 , or feedback effects linked to the size of the WAIS 27 . In detail, it is striking that differences in the peak Nd isotopic compositions of individual interglacials correlate well with Southern Ocean temperatures 11, 18, 19 ( Fig. 3a-c ) and global sea level 17, 28 ( Fig. 3f ). In particular, MIS 5, 9 and 11, with the most distinct radiogenic Nd isotope excursions (Fig. 3e) , experienced the most extended warmth in Antarctica 11 ( Fig. 3a) , with temperatures more than 2 °C warmer than the pre-industrial late Holocene for approximately 4,000 years, 2,500 years and 6,000 years, respectively. By contrast, MIS 7 had a more muted Nd isotope response, comparable to the transition from the Last Glacial Maximum into the Holocene (Fig. 3e) , and experienced temperatures more than 2 °C warmer than the pre-industrial late Holocene for only approximately 1,000 years ( Fig. 3a) . This scaling between the magnitude and duration of regional climate warming, the Nd isotope-based provenance variations, and global sea level (Fig. 3) is consistent with an ice volume change in the Wilkes Subglacial Basin. We therefore suggest that an Antarctic warming of about 2 °C above pre-industrial temperatures for approximately 1,000-2,500 years has been sufficient to cause 18 ). c, Southern Ocean sea surface temperature (SST) from alkenones at ODP Site 1090 (ref. 19 ). d, Ba/Al ratios (XRF-scanner counts; three-point smoothed) in U1361A. e, Bulk detrital sediment Nd isotopes in U1361A (error bars are 2 s.d. external reproducibility). f, Sea level proxy from benthic oxygen isotopes 28 , labelled with MIS numbers and sea level estimates 17 from MIS 5e and MIS 11. Shading in a-c, f represents intervals with values above modern (or late Holocene core top); red dashed line in e indicates the core top ε Nd value of U1361A. For chronostratigraphic constraints on U1361A, see Supplementary Table 8 and Methods. Letter reSeArCH ice loss beyond that of the modern day or pre-industrial Holocene, leading to a contribution to global sea levels from the EAIS during MIS 5, 9 and 11, in agreement with recent modelling results 3 for MIS 5e. Differences in provenance between individual interglacials (Fig. 3e ) also hint at the underlying mechanisms of ice retreat in the Wilkes Subglacial Basin, by supporting variable ice margin retreat during climate warming, rather than a simple switch between advanced and retreated states 2 (Fig. 1b) . Variable retreat could reflect the presence of multiple pinning points on basement highs 9, 24 (Fig. 1b) , which represent temporary or final limits for the ice margin. In this view, the more extreme radiogenic Nd isotope excursions observed during some (but not all) warm Pliocene intervals 5 may indicate more substantial ice sheet retreat at these times.
Although we have focused on ice sheet behaviour during individual interglacials, our data also provide an indication of longer-timescale changes in ice sheet dynamics. Over the last 480,000 years, there has been a long-term trend towards declining IBRD (Fig. 2g) , suggesting an increasingly stable ice margin, while glacial ε Nd values have become less extreme (that is, more radiogenic; Fig. 2f ), potentially indicating reduced glacial advance over the shelf. Together, these observations appear consistent with gradual stabilization of the ice margin as a consequence of grounding zone sediment accumulation through multiple glacial cycles 29, 30 , but this hypothesis awaits further testing. By providing geological evidence for ice loss from a dynamic margin of the EAIS during recent warm interglacial intervals (MIS 5, 9 and 11), our data place new constraints on the role of Antarctica in past sea-level changes, and represent a useful target for ice sheet models. Based on the ice sheet response during past interglacial periods, we estimate that substantial ice loss within the Wilkes Subglacial Basin would be likely to occur with approximately 2 °C warming (above pre-industrial) if sustained for a few millennia. This scenario is broadly consistent with the magnitudes and timescales of forcing that generate ice margin retreat in models [2] [3] [4] . While evidence from sediment provenance cannot precisely quantify the magnitude of any sea level contribution, our data appear to suggest that some models (for example, refs. 9, 14 ) may have underestimated the long-term potential of the Wilkes Subglacial Basin, and perhaps the EAIS more generally, to contribute to future sea level rise.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-018-0501-8.
Letter reSeArCH

MEthodS
Detrital sediment Nd isotope measurements. Seventy-five samples from U1361A were analysed for detrital sediment Nd isotopes (Supplementary Table 1) , after leaching to remove any authigenic ferromanganese oxide phases 5, [32] [33] [34] . Bulk samples of ~0.5-1 g were leached twice in an acid-reductive solution of hydroxylamine hydrochloride/acetic acid, including a second leach of at least 12 h in 0.02 M hydroxylamine hydrochloride/25% buffered acetic acid. After crushing and homogenization, digestion of the detrital residue was carried out on a ~50 mg subsample by hotplate digestion 5 using a mixture of 2 ml 23 M HF, 1 ml 16 M HNO 3 , and 0.6 ml 20 M HClO 4 (repeated twice), and then a mixture of 2 ml 23 M HF and 1 ml 16 M HNO 3 . The rare earth element fraction was separated using either Eichrom TRU spec resin (100-120 μm mesh) or cation exchange resin (200-400 μm mesh), and the Nd fraction was isolated using Eichrom LN spec resin (50-100 μm mesh) on volumetrically calibrated Teflon columns 5 . Replacement of TRU spec resin by cation exchange resin was found to improve column yields.
Neodymium isotopic compositions were analysed on the Nu Plasma multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial College London. Mass bias was corrected using the exponential law (to 146 Nd/ 144 Nd = 0.7219). A correction for direct 144 Sm interference was also applied, with all samples significantly below the threshold determined for accurate correction (<0.1% of the 144 Nd signal). Sample measurements were bracketed by concentration-matched JNdi-1 Nd isotope standards, and data from each analytical session were adjusted to give agreement with the literature value 35 . The external reproducibility was estimated from the within-session standard deviation (2 s.d.) on those standards. Over the course of analyses, measurements of rock standard BCR-2 gave , and indicating a long-term reproducibility of 0.31 ε Nd units. Procedural and column blanks were typically 4-18 pg, and hence negligible. Robustness of the detrital sediment Nd isotope record. Unlike some other radiogenic isotope systems (for example, Sr and Hf), Nd isotopes are relatively insensitive to grain size fractionation 37 , making them a robust indicator of sediment provenance. However, if changes in sediment transport processes led to the supply of sediment from different sources, a link between grain size and Nd isotopes could emerge, which would complicate provenance interpretations. To test for any potential bias in our detrital Nd isotope record measured on the bulk sediment fraction, we additionally measured Nd isotopes on the fine-grained fraction (<63 μm) for a subset of 10 samples, including both peak glacial and interglacial conditions (Supplementary Table 2 ). The fine fraction was separated by wet sieving and then subject to leaching, digestion, Nd separation and isotope measurement identically to the bulk sediment. Procedural blanks were 1.3 ng, representing less than 0.02% of sample Nd and hence negligible, while all five full procedural replicates yielded Nd isotope results that agreed within error (Supplementary Table 2 ).
Since comparable glacial-interglacial Nd isotope changes are recorded in the <63 μm fraction and the bulk fraction (Extended Data Fig. 1) , it is clear that grain size (potentially linked to sediment transport) has an insignificant influence on the detrital Nd isotope record. In detail, two out of ten samples (from interglacials MIS 5 and MIS 11) show a small but resolvable offset of around 1 ε Nd unit towards more radiogenic values in the bulk sediment than the fine fraction (Extended Data Fig. 1 ). This observation further constrains that the radiogenic Nd isotope signal from FLIP/Beacon lithologies is not restricted to a fine-grained silt or clay fraction but is also contained within sand-sized material that could be derived from turbidity currents or ice-rafting. Given the potential of ocean currents to transport material only within the silt fraction 38 , this evidence is consistent with a local source rather than a strengthened alongslope current in driving the radiogenic Nd isotope excursions.
A final indication that grain size and/or sediment transport are not major controls on the detrital Nd isotope record is given by the lack of a direct correlation between the IBRD record (per cent 250 μm-2 mm fraction) and detrital Nd isotopes (Fig. 2) . While there were generally IBRD peaks during deglaciation, the Nd isotope changes were often sustained throughout interglacials while IBRD was generally minimal or absent. Hence, the mechanism of sediment delivery appears to have been decoupled from the provenance information, which supports the complementary interpretation of IBRD as an indicator of dynamic processes (see below) and Nd isotopes as an indicator of the zone of glacial erosion. As previously shown in this region 39 , provenance information from the bulk or fine sediment fraction is more useful as an indicator of glacial erosion than evidence from the IBRD fraction, hence our focus here on the former approach. Supporting evidence on provenance changes from reductive sediment leachates. Acid-reductive sediment leaching is used to extract authigenic ferromanganese oxides or other reactive phases that are dispersed within a sediment core [32] [33] [34] 40 . In many settings, this approach is useful for reconstructing past deep seawater compositions, but in certain cases it has been shown to yield compositions that reflect local sedimentary inputs, either through their partial dissolution during extraction 32 or through in situ exchange with pore water 41 . Such a local influence is most likely at ocean margin sites where terrigenous-rich sediments may contain preformed ferromanganese oxides 42 , or in locations where reactive volcanics are present in the sediment 32, 41, 43, 44 . In this study, we analysed acid-reductive sediment leachates, based on two published methods 32, 40 , including 1 h leaches (n = 18) and subsequent overnight leaches (n = 6) (Supplementary Table 3 ). During glacial periods, the leachate Nd isotopic compositions (ε Nd = -5.6 to -10.5; Extended Data Fig. 1) are consistent with the range of possible compositions of Circumpolar Deep Water or Antarctic Bottom Water 45, 46 , although an influence of a mixed detrital component (Lower Palaeozoic and FLIP/Beacon) on the recorded signature cannot be ruled out. However, during interglacial periods (particularly MIS 5, 9, and 11), the leachate compositions (ε Nd = -3.2 to -6.1) are too radiogenic to reflect the composition of any likely local bottom water, but are instead consistent with a major influence from a reactive basaltic FLIP source (Extended Data Fig. 1) . Therefore, the leachate data provide strong independent support for our provenance interpretations based on the detrital sediment Nd isotope record. Detrital sediment Sr isotope measurements. Measurements of Sr isotopes were made on the same subset of 10 fine-grained sediment fractions (<63 μm) that were analysed for Nd isotopes, spanning both peak glacial and interglacial conditions (Supplementary Table 2) . Following rare earth element separation, samples were processed through Eichrom Sr-Spec resin (100-120 μm mesh) to isolate the Sr fraction. Strontium isotopes were analysed on the Thermo Scientific Triton thermal ionisation mass spectrometer (TIMS) in the MAGIC laboratories at Imperial College London. Samples were loaded onto degassed single tungsten filaments in 1 μl 6 M HCl, followed by 1 μl of tantalum chloride activator. Measurements were made in static mode, with instrumental mass bias corrected using the exponential law (to 36 (0.705013 ± 0.000010). The procedural blank associated with this sample set was ~6 ng, representing less than a 0.5% contribution to sample measurements. Stability of provenance endmembers from combined Nd and Sr isotopes. The combined Nd and Sr isotope data set for the late Pleistocene is fully consistent with mixing between Lower Palaeozoic and FLIP/Beacon lithologies, and also records an identical trend to Pliocene data from U1361 (Extended Data Fig. 2) . We therefore infer similar provenance variations for both intervals, which additionally appears to indicate that any long term erosional changes 47 have not affected the regional bedrock sources available for erosion over this period of time. IBRD measurements. Ninety-seven samples from U1361A were processed for grain size analysis at Victoria University of Wellington to provide evidence on IBRD content (Supplementary Table 4 ). Dried samples were weighed and then wet-sieved to recover the coarse sand fraction (250 μm to 2 mm), which has previously been used to indicate IBRD in Arctic and Antarctic studies 6, 48 . The >250 μm fraction was dissolved of biogenic silica using 2M NaOH, and then dried and weighed to obtain a weight per cent of IBRD fraction (250 μm-2 mm) relative to the bulk sediment. Each sample was visually examined again under binocular microscope for volcanic ash layers, as well as for any authigenic minerals or biogenic components that could bias the IBRD weights, and such components were manually removed if present. For this study, we did not calculate IBRD mass accumulation rates, but they would scale almost directly with the weight percent IBRD (since our age model assumes constant sedimentation rates and there are no large shifts or trends in dry bulk density in this interval). Interpretation of IBRD record. Antarctica currently loses approximately half of its ice mass via iceberg calving 49 , while distinct pulses of IBRD observed in the Scotia Sea region during the last deglaciation have been interpreted as representing collapse of the marine-based sector of the WAIS 50 . Site U1361 is located in the pathway of the Antarctic Coastal Current which transports icebergs into the region in a predictable manner, as opposed to regions further north or east 51 . Furthermore, it is located south of the present southern boundary of the Antarctic Circumpolar Current (ACC), in a region dominated by geostrophic and bathymetrically controlled currents. Since the southern boundary front of the ACC is bathymetrically controlled by the continental rise on which Site U1361 is located, changes in ocean currents or sea surface temperature are unlikely to have contributed significantly to changes recorded in our IBRD record. Site U1361 is also a suitable site for this proxy because it is proximal to outlet glaciers of the Antarctic margin, such that smaller icebergs with basal debris could survive moderate levels of sea surface warming (even to the elevated temperatures inferred for the Pliocene 5, 6 ), but also not so close to the continent as to be influenced by a single outlet glacier or a single iceberg dumping event 51 .
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Studies from the Pliocene interval of U1361 indicate that the IBRD record contains a statistically significant, high-fidelity orbital signal, confirming that iceberg calving is not a random process at this site 6 . As in that study, we interpret the new IBRD record (Fig. 2) to primarily represent changes in the dynamic discharge of outlet glaciers and ice streams, likely occurring during periods of enhanced glacial retreat. One potential complicating factor in the interpretation of this record is that the development of large ice shelves during glacial maxima and minima could theoretically result in tabular icebergs that lack basal debris, such as for the modern Mertz Glacier tongue or the Ross Ice Shelf. In this scenario, our IBRD record (Fig. 2) may document only the calving of smaller icebergs from outlet glaciers, such that the absence of IBRD during the glacials could indicate the presence of stabilizing ice shelf systems before retreat in the Wilkes Subglacial Basin, and the relative lack of IBRD during interglacials could reflect the formation of large ice shelves within a deglaciated embayment. However, this scenario would still imply a shift in glacial dynamics and ice sheet extent through a glacial cycle, which is supported by the Nd isotope evidence that pulses in IBRD were associated with major switches in erosional sources (Fig. 2) . Further considerations regarding the IBRD proxy at this site have been discussed in detail elsewhere 6, 52 . Sortable silt measurements. Sortable silt analysis was carried out on 75 samples following an established method 53 and reported as the mean grain size of the 10-63 μm detrital fraction (Supplementary Table 4 ). Carbonate and biogenic silica were removed from sediment samples by reacting with 1 M acetic acid for 24 h, followed by heating to 85 °C in 2 M sodium carbonate for 5 h, with samples being agitated several times during each step. Samples were then suspended in 0.2% sodium hexametaphosphate solution and placed on a rotating wheel before analysis using a Beckman Multisizer 3 Coulter Counter at the University of Queensland. Repeated analysis was performed on a subset of samples in an arbitrary order over several days and average standard deviation of replicate analysis was ± 0.1 μm. Sedimentological constraints on sediment transport. Our sortable silt record indicates a very fine grain size (13.5 μm), at the low end of the proxy range, and a lack of variation through time (1 s.d. = 0.5 μm) (Supplementary Table 4 ). While this result is suggestive of a low current speed, we caution that there are caveats in applying the sortable silt method in a setting influenced by turbidity currents and IBRD, and that this proxy cannot provide a quantitative estimate of current speed 54 . Nevertheless, the lack of correlation between sortable silt grain size and detrital Nd isotopes provides no evidence to suggest a control on our provenance record by current transport. In this context, it is important to emphasize that Site U1361 was cored on a turbidite levee deposit 20 . From both its geometry 20 and seafloor bedforms 55 , it is unambiguous that the majority of sediment supplied to the site is derived from the adjacent Jussieau Canyon system, which itself is fed by sediment from the adjacent continental shelf. The lack of variation in the sortable silt grain size record is consistent with such a setting. Given the proximity to such local sediment inputs, and with regional dust inputs at the East Antarctic margin being among the lowest in the world 56 , we also rule out any possible control of dust supply on sediment provenance at Site U1361. Measurement of Ba/Al ratios. Bulk major element compositions were measured using an Avaatech X-ray fluorescence (XRF) core scanner at the IODP Gulf Coast Repository at Texas A & M University (USA) during March 2011. Non-destructive XRF core scanning was performed at 10 kV in order to measure the relative content of elements including aluminium (Al), iron (Fe), and barium (Ba). Measurements were made continuously at every 5 cm down core from sections U1361A-1H-1 to U1361A-1H-5, over a 1.2-cm 2 area, with a slit size of 10 mm, a current of 0.8 mA, and a sampling time of 45 s. The Ba and Al counts, and the Ba/Al count ratio, are reported here (Supplementary Table 5 ). Interpretation and principal component analysis of Ba/Al ratios. Barium-based proxies (for example, Ba/Al ratios) in pelagic sediments have variously been interpreted as a marine productivity proxy 57, 58 , as a meltwater tracer 59 , or as an indicator of intense bottom currents 60 , among other processes 61 . In order to interpret the Ba/Al ratio at Site U1361, we applied principal component analysis (PCA) 60 to the data from the upper 7 mbsf of the core. The PCA yielded two significant components (Supplementary Table 6 ). The first principal component (PC1) describes 31.4% of the total variance, with main negative loadings for Ca and Mn, and positive loadings for all other elements (except K). This variable could represent a link between Mn and Ca enrichment peaks during glacial to interglacial transitions, which is the focus of ongoing research. The second principal component (PC2) describes 26.2% of the variance, with positive loadings for Ca, Ba, S, and Si (in descending order), and negative loadings for Fe, Al, K, Mn, and Ti. Such a relationship between the loadings for PC2 is characteristic of biogenic components in the positive axis and aluminosilicates in the negative axis 62 . Visual inspections suggest that Si and Ca enrichment are related to sediments rich in diatoms (Si) and coccoliths (Ca). Because Ba is related positively to Ca, Si, and S for PC2, we conclude that Ba is related to marine productivity and is probably present in the form of biogenic barite (BaSO 4 ), while normalization to a detrital immobile element (for example, Al) corrects for dilution effects 63 . Through time, loadings of PC2 are virtually parallel to the Ba/Al ratio (Supplementary Table 6) , with both showing regular alternations coincident with glacial-interglacial cycles. Based on these correlations, and previous studies at this site 5, 52 , we conclude that the Ba/Al ratio is a robust productivity proxy at U1361. Diatom counts. Quantitative diatom slides were prepared using a modification of a published method 64 for 70 samples between 0.05 and 7.45 mbsf at ~10 cm intervals. For each sample, a uniform mass of 0.50 mg raw sediment was digested in 15 ml 30% hydrogen peroxide with 5 ml sodium hexametaphosphate for one hour in a 60 °C water bath, to remove organic material and aid disaggregation. Samples were then triple-rinsed by centrifuging at 1,600 rpm for 7 min, decanting, and topping up with distilled water. After the final rinse, samples were re-suspended, poured into a beaker that was topped up to 100 ml with distilled water, and stirred to homogenize. 300 μl of homogenized solution was pipetted onto a 22 × 38 mm cover slip placed at the bottom of a glass Petri dish, and again topped up with distilled water. Each dish was fitted with a cotton string for wicking and allowed to settle and dry for 48 h, after which the dry cover slips were mounted to glass slides using Norland Optical Adhesive #61 (refractive index of 1.56) and cured under UV light for 30 min.
Three slides were prepared for each sample and examined microscopically. Where possible, 250-300 valves were counted for each slide to yield statistically robust assemblage data. Where total valve counts were lower, at least 35 fields of view were evaluated for each slide to determine absolute diatom abundance (ADA). For each sample, triplicate counts were combined to produce a single data set (Supplementary Table 7 ). ADA was calculated from a measured field of view of 3.14 mm 2 and a total settling area of 6,361.72 mm Table 8 ). The radiocarbon analysis was performed on the bulk organic fraction at Beta Analytic. The sample was sieved at 180 μm and pretreated with acid washes to remove carbonate. Conventional 14 C ages were calculated as described 65 using a δ
13
C correction for isotopic fractionation. A marine reservoir correction of 1300 years was applied 66 and the 14 C age was calibrated using the Marine 13 calibration curve 67 . Additional age control for the late Pleistocene interval is provided by the well-established last common occurrence of the diatom Hemidiscus karstenii at 190 kyr bp 68, 69 , which is identified at 3.45 mbsf (Supplementary Tables 7 and 8 ; Extended Data Fig. 3 ). Immediately below our interval of focus, we identify two palaeomagnetic reversals and two additional diatom last occurrences that further constrain the age of our sequence (Supplementary Table 8 ; Extended Data  Fig. 3 ). The upper depth constraint for chron C1n (11.19 mbsf) has been revised from published data 70 based on magnetostratigraphy of the U1361 composite splice (U1361A and U1361B) 20 . To more precisely constrain the core depths of last occurrences of Actinocyclus ingens and Thalassiosira fasciculata 71 , additional samples from U1361A core 2H were examined following the IODP Expedition 318 shipboard methodology for diatom biostratigraphy 20 . These secondary constraints confirm that the base of our record is younger than 500 kyr and support our assignment of peaks in multiple proxies to interglacial marine isotope stages 1-11 (Extended Data Fig. 3) . Data availability. All data from this study can be found in the Supplementary Information. Fig. 1 | Neodymium isotope data for bulk detrital sediment, <63 μm fraction, and reductive sediment leachates in U1361A, in comparison to regional bedrock endmembers. a, Down core measurements on the different fractions, with boxes and arrows on the right indicating bedrock endmember compositions in the region (refs 5, 39 and references cited therein). Horizontal lines indicate Holocene core top values for bulk detrital samples (red dashed line) and 1 h leachate samples (black dashed line). Error bars are 2 s.d. external reproducibility, and are smaller than the symbol sizes where not shown. b, Regional bedrock map, with those same bedrock endmembers located by coloured shading (map redrawn from ref. 5 , with topography from ref. 12 , and the subglacial extent of the FLIP shown by a green dotted outline inferred from ref. 21 ). In addition to the three endmembers shown in a, purple shading on the map indicates Archaean to Proterozoic basement rocks of the Adélie Craton, with highly unradiogenic Nd isotopic compositions (ε Nd = -20 to -29). CB, Central Basin; HB, Horn Bluff. For interpretation of the leachate and detrital Nd isotope data, see Methods. Map redrawn from ref. 5 with permission. 
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